Amylose content and molecular structures of starch from a mutant of wheat (Triticum aestivum L.) that lacks a starch granule bound protein, SGP-1, have been compared with those from normal wheat (cv. Chinese Spring). Actual amylose contents, calculated by taking iodine affinity of amylopectin into consideration, for the mutant (SGP-1 null) and normal wheat starches were 34 and 26%, respectively. The amylopectins from SGP-1 null and normal starches had number-average degree of polymerization (DPn) of 4200 and 4700, respectively. Three molecular species of amylopectin with different size were observed by fluorescent labeling GPC. Number-average chain length (CLn) of the amylopectins was close ( 21) but their CL distributions were significantly different. SGP-1 null amylopectin contained 9.5% by weight of long unit-chains having CL of 100 while such long chains were absent in amylopectin from the normal starch. Molar ratio of A chains increased slightly and that of B1 chains conversely decreased in the mutant, and the molar ratio of (A B1) (B2 B3) was 13.8 and 13.1 for the mutant and normal amylopectins, respectively. DPn of amylose from SGP-1 null ( 800) was lower than that for the normal ( 1000). DP distribution of the amyloses on molar and weight bases showed the ratio of smaller amyloses was higher for the mutant than the normal starch. Branched molecules of amylose consisted of 24 and 23% by mole and had average number of chains of branched molecules (NCB) 13.1 and 7.5, respectively. The above structural data on a molar basis also revealed that the mutation caused the increase in number of amylose molecules but had no effect on the number of amylopectin molecules.
Starch biosynthesis is a complex, concerted process by various enzymes, involving elongation of an existing 1,4 glucoside chain, branching of glucoside chains by forming 1,6 linkages and debranching by hydrolysis of 1,6 linkages. Some of these enzymes are found to be bound to or trapped in starch granules. In wheat (Triticum aestivum L.), at least three proteins, other than waxy protein, have been identified as starch granule bound proteins (starch granule protein, SGP) 1, 2) and are designated as SGP 1, 2 and 3. 1) The SGPs are thought to be isoforms of starch synthase II, starch branching enzyme II and starch synthase I, respectively, based on their biochemical properties and nucleotide sequence. 2 5) Three isoforms with different molecular weight (100 115 kDa 2 5) ) of SGP 1 are present in wheat starch granules and they are designated SGP A1, B1, D1, 1) each encoded at loci on the short arms o f chromosome 7A, 7 B and 7 D , respectively . 1, 2) SGP B1, and very likely the other two isofomrs also, exist in both starch granule and soluble fractions at early stages of endosperm development but at late stages they are exclusively granule bound. 3, 5) Yamamori et al . 6) generated a mutant line that lacked all three isoforms of SGP 1 and reported that starch granules from the SGP 1 null mutant have altered properties, such as absence of birefringence under polarized light, absence of diffraction of X ray (crystallinity of starch granules), and an increased amylose content. Effects on molecular structures were also examined, and high performance size exclusion chromatography (HPSEC) and high performance anion exchange chromatography with pulsed amperometric detection (HPAEC PAD) revealed that chain length distribution of amylopectin was significantly altered by the mutation. 6) However, the elucidation of structural changes was limited to a certain extent because the structural characterization was carried out without fractionation of starch into amylose and amylopectin, and consequently changes occurring in amylose were not examined at all. In this study, amylose and amylopectin were fractionated from SGP 1 null starch and their molecular structures were examined in more detail and compared with those of a wheat starch with normal amylose content (cv. Chinese Spring).
MATERIALS AND METHODS

Materials.
Starches were the same specimens used in a previous study. 6) Amylose and amylopectin were fractionated from defatted starch by the method of Takeda et al . 7) Pseudomonas isoamylase was a product of Hayashi-J. Appl. Glycosci., 51, 217 221 (2004) ! C 2004 The Japanese Society of Applied Glycoscience bara Biochemical Laboratories, Inc. (Okayama, Japan). Sweet potato amylase (Sigma Chemical Co., MO, USA) was purified by anion exchange chromatography 8) prior to use. Other reagents were of the highest grade commercially available.
Analytical methods. Iodine affinity was measured by amperometric titration as previously described. 9) Fluorescent labeling followed by size exclusion HPLC (HPSEC) with refractive index (RI) and fluorescence detectors of amylose 10) and debranched amylopectin 11) or gel permeation chromatography (GPC) of amylopectin 12) were performed according to previous studies. Molar fraction of branched and linear molecules of amylose was determined by HPSEC after amylolysis of labeled amylose. 13) High performance anion exchange chromatography with pulsed amperometric detection (HPAEC PAD) was performed as previously described. 14) For measurement of number average degree of polymerization (DPn) and number average chain length (CLn) of amylose, reducing and non reducing residues of amylose were determined by a modified Park Johnson method and the Smith degradation followed by a fluorometric assay of glycerol. 15) 
RESULTS AND DISCUSSION
Iodine affinities and amylose contents.
Iodine affinities and amylose contents of the wheat starches are summarized in Table 1 . The iodine affinity (IA) of defatted starch was 1.4 fold higher for the SGP 1 null starch, resulting in a higher value of apparent amylose content for the SGP 1 null starch than for normal starch. The higher amylose content for the null mutant starch agreed with the previous study, 6) in which amylose content measured by an amperometric titration method was reported to be 37.3 and 29.3% for the SGP 1 null and normal starch, respectively. Higher amylose content for the SGP 1 null starch was partly due to IA of amylopectin being three fold higher for the mutant. Taking IA of amylopectin into consideration, actual amylose content was calculated. Again, the SGP 1 null starch showed a higher content than that of normal starch, but the difference between the mutant and normal starches was smaller than that of the apparent amylose contents. The high IA of the mutant amylopectin implied the presence of long unit chains that are capable of forming a complex with iodine, and the presence of such long chains was confirmed by HPSEC as described below.
Structures of amylopectins.
Some properties of the amylopectins are summarized in Table 2 . The amylopectin from SGP 1 null starch had two fold higher blue value in agreement with the result of IA measurement ( Table 1) . The amylopectins were similar in terms of CLn and amylolysis limit but differed in DPn. Size distribution of amylopectin molecules ( Fig. 1 ) was examined by fluorescent labeling GPC. 12) Three molecular species with DP values differing in an order of magnitude were observed for the two wheat amylopectins similarly to amylopectins of rice, maize, potato and sweet potato that have been examined by this technique. 12) The distributions were fractionated into three fractions, L, M and S as shown in the figure ( Table 3 ). The molar proportion of the three fractions was similar between the two amylopectins and was in the range of those of amylopec- Solid line, molar basis; dash, weight basis; dash dot dash, DP; number with an arrowhead, DP at the elution position. Determined by a fluorescent labeling method. tins from other plant species, among which indica rice amylopectin had almost the same proportion as the wheat amylopectins. 12) In accordance with its lower DPn values, the amylopectin from SGP 1 null starch showed a slightly higher proportion of S fraction and lower DPn of L fraction than the normal amylopectin. Chain length distribution of the amylopectins was examined by a fluorescent labeling HPSEC method 11) (Fig. 2) . The distribution for the SGP 1 null amylopectin was clearly different from that for the amylopectin from the normal wheat. As reported previously, 6) the elution profiles indicate an increase of short A chains having DP less than 10. Another notable difference, which was revealed by subjecting fractionated amylopectin, but not starch, to chain length distribution analysis, was seen in an amount of long unit chains (LC) having DP 100. Such long chains have been found in amylopectins having high IA, 9) and normal wheat amylopectins have also been shown to have this fraction. 16, 17) The elution profiles shown in Fig. 2 were fractionated into four fractions as indicated in the figure and CLn and amounts by mole or by weight of each fraction were compared (Table 4) . No difference in the CLn of the fractions was observed except for the LC fraction, for which CLn was not determinable due to weak response by fluorescence detection. In comparison by weight%, only LC and B1 fractions appeared to differ. In accordance with its high IA (Table 1) , the LC fraction increased more than two fold, and the B1 fraction decreased slightly in the mutant amylopectin. Comparison by mole% indicated the increase of A fraction and the concomitant decrease of the B chain, especially B1, fractions. The molar ratio of (A B1) (B2 B3), which can be regarded as a measure of number of chains per cluster unit, was essentially unchanged by the mutation. Chain length distribution was examined also by HPAEC PAD (Fig. 3) , allowing more precise comparison in the region of DP less than 60. For the amylopectin from the normal starch, the distribution was characteristic in the relative amounts of short chains of DP 6 8, chains of DP 11 being most abundant, and a clear shoulder around DP 18. These characteristics are essentially the same as those reported previously for the same wheat cultivar 6) and other wheat cultivars with normal amylose content. 14) Chain length distribution of the amylopectin from SGP 1 null starch was significantly different from that of the normal wheat starches: unit chains of DP 3 5, which are observed occasionally in a negligible amount, was detected in an appreciable amount; an increased amount of short unit chains of DP 7 9; an additional, clear peak at DP 21, which was caused by reduction in amount of chains of DP 17 (the bottom panel of Fig. 3 ).
Structures of amyloses.
Some structural properties of amyloses from the wheat starches are summarized in Table 5 . Although the amyloses were similar in terms of blue value and max , other structural properties examined were significantly different. DPn was 20% lower for the amylose from the null mutant. CLn for the mutant was almost half of that for the normal and accordingly the average number of chains (NC) was higher for the SGP 1 null amylose. In respect to the branched structure of the amyloses, the molar fraction of branched molecules (MFB) was almost the same, but the average number of chains of branched molecules (NCB) of the amyloses was considerably different. These results indicate that the amylose from the SGP 1 null starch contained branched molecules with twice as many branches as those of the normal starch but the molar ratios of the branched molecules were the same for the wheat starches. DP distributions of the amyloses examined by HPSEC ( Fig. 4) showed differences on both molar and weight bases. The asymmetrical shape of molar distribution with a peak at DP 300 was similar to those of other wheat cultivars examined previously. 10) Higher content of smaller molecules in the SGP 1 null amylose was apparent from both molar and weight distributions, being consistent with its lower DPn.
Molar composition of amylose and amylopectin.
Changes in the molar composition of amylose and amylopectin caused by the SGP 1 null mutation are summarized in Table 6 . Amounts in mol of amylose and amylopectin per 1 g of starch were calculated from actual amylose contents and DPn of these glucans determined by the fluorescent labeling HPSEC. This comparison clearly shows that, in terms of the number of molecules, the SGP 1 null mutation caused an increase of amylose Symbols are as shown in Fig. 1 . Filled and open arrowheads indicate elution positions in fluorescence and RI profiles, respectively. The distributions were fractionated into four fractions (LC, B2 B3, B1 and A in order of elution) as indicated. but essentially had no effect on amylopectin. Moreover, the mutation did not affect the molar ratio of branched and linear molecules of amylose nor that of amylopectin molecular species of different sizes as described above. Thus, it is concluded that the mutation specifically increased the number of amylose molecules, both branched and linear molecules to a similar extent 1.6 fold). The conclusion implies a possible involvement, either directly or indirectly, of starch synthase II activity in the mechanism that determines the number of amylose molecules synthesized, which currently is not clearly understood.
This study examined effects of SGP 1 null mutation of wheat on amylose content of starch granules and on molecular structures of amylose and amylopectin. Structural characterization of amylose from the mutant wheat starch was carried out, showing that structures of amylose, as well as its content in starch granules, was altered by deficiency of SGP 1 proteins in wheat endosperm. This study also showed unambiguously that the large increase in apparent amylose content in the mutant starch was partly due to an increased amount of long chains of amylopectin. Similar effects on amylopectin structure by loss of starch synthase II activity were reported for mutants of pea (rug5) 18) and barley (sex6), 19) and Umemoto et al . 20) suggested reduced starch synthase II activity in japonica rice results in structural differences between japonica and indica rice amylopectins, which is similar to those of the wheat starches examined in this study. Absence of starch synthase II activity is presumed to cause an increased amount of ADP glucose available to granule bound starch synthase, and the idea is supported by the increase in weight proportion of amylose. Further, the doubling of the amount of LC of amylopectin is consistent with the proposal in that granule bound starch synthase catalyzes formation of LC. 21, 22) However, the change in substrate flux alone cannot explain the observed increase in the number of molecules and branches of amylose. As observed for the pea and barley mutants, a pleiotropic effect in the reduced amount of SGP 2 and SGP 3 in starch granules was found in the SGP 1 null mutant of wheat, 6) and their contribution to the observed differences in molecular Symbols are as shown in Fig. 1 . ( 6) Small species 0.41 (11) 0.37 (14) Calculated from actual amylose content and DPn determined by the labeling method. Values for the subfractions of amylose and amylopectin were obtained by multiplying the values for the whole by the respective molar ratio of the subfractions (shown in Tables 3  and 5 ).
Numbers in parenthesis express percentage by mole.
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